Functional MRI has proven to be effective in detecting neural activity in brain cortices on the basis of blood oxygenation level dependent (BOLD) contrast, but has relatively poor sensitivity for detecting neural activity in white matter. To demonstrate that BOLD signals in white matter are detectable and contain information on neural activity, we stimulated the somatosensory system and examined distributions of BOLD signals in related white matter pathways. The temporal correlation profiles and frequency contents of BOLD signals were compared between stimulation and resting conditions, and between relevant white matter fibers and background regions, as well as between left and right side stimulations. Quantitative analyses show that, overall, MR signals from white matter fiber bundles in the somatosensory system exhibited significantly greater temporal correlations with the primary sensory cortex and greater signal power during tactile stimulations than in a resting state, and were stronger than corresponding measurements for background white matter both during stimulations and in a resting state. The temporal correlation and signal power under stimulation were found to be twice those observed from the same bundle in a resting state, and bore clear relations with the side of stimuli. These indicate that BOLD signals in white matter fibers encode neural activity related to their functional roles connecting cortical volumes, which are detectable with appropriate methods.
Introduction
Functional magnetic resonance imaging (fMRI) is well established as a primary neuroimaging technique for detecting neural activities in the human brain. Based on blood oxygenation level dependent (BOLD) signal changes associated with hemodynamic responses to stimuli, fMRI has been widely used to localize and quantify regional activities and to assess synchronous activities across time (Ogawa et al., 1990; Biswal et al., 1995; Gore, 2003; Fox and Raichle, 2007) . However, the tremendous successes over the past quarter of a century have focused on studies of cortical gray matter, and the detection of functional activities in white matter has rarely been reported in the literature. The paucity of reports on white matter activities is presumably partly attributed to the much lower blood flow and volume in white matter (Nonaka et al., 2003a (Nonaka et al., , 2003b , and therefore much lower BOLD signal changes than in gray matter consistent with lower metabolic demands.
We have recently reported our observations that MRI signals from T 2 *-sensitive acquisitions in a resting state exhibit structure-specific anisotropic temporal correlations in white matter (Ding et al., 2013; Ding et al., 2016) . Based on these observations, we proposed a concept of spatio-temporal correlation tensors that characterize correlational anisotropy in white matter BOLD signals. Moreover, we found that directional preferences of spatio-temporal correlation tensors along many white matter tracts are grossly consistent with those revealed by diffusion tensors, and that evoked functions selectively enhance visualization of relevant fiber pathways. These tend to suggest that BOLD signals in white matter may encode neural activity as well, and may be detectable using appropriately sensitive imaging and analysis techniques such as improved imaging hardware (Mazerolle et al., 2013) , pulse sequences (Gawryluk et al., 2009) , stimulation and analysis strategies (Tettamanti et al., 2002; Weber et al., 2005; D'Arcy et al., 2006; Yarkoni et al., 2009; Marussich et al., 2017) .
Over a decade ago, despite the presence of large differences in vascular density between gray matter and white matter, the oxygen extraction fraction was shown to be relatively uniform throughout the parenchyma of a resting brain (Raichle et al., 2001) . Furthermore, the BOLD signal changes in white and gray matter in response to hypercapnia are largely comparable when normalized with regional cerebral blood flow (Rostrup et al., 2000) . We have observed that BOLD signals in a resting state exhibit similar temporal and spectral profiles in both gray and white matter of the human brain (Ding et al., 2013) , and that their relative low frequency (0.01-0.08 Hz) signal powers are comparable . In addition, our recent experiments with anesthetized squirrel monkeys demonstrate that low frequency activity in both gray and white matter vary similarly with the level of anesthesia . Taken together, these findings converge to support the view that variations in BOLD signals that are believed to reflect neural activities in gray matter may also be detectable in white matter.
In this work, we further explore BOLD signal properties in brain white matter under functional loading. We hypothesize that functional loading should enhance the detectability of BOLD signals along white matter pathways that are relevant to specific evoked functions. To examine this hypothesis we imaged a cohort of normal human subjects subject to tactile stimulation of the palm, and then analyzed the temporal and frequency profiles of BOLD signal fluctuations in the somatosensory system. We specifically investigated whether there are significant temporal correlations in BOLD signals between the primary somatosensory cortex and projection pathways that are connected to it, and whether there are common signal characteristics that are shared between them. We compared the results of somatosensory stimulations to both palms, and to resting conditions. In particular, we used conventional stimulus-evoked functional MRI to identify cortical volumes in the primary somatosensory system. We used separate diffusion MRI acquisitions to identify relevant white matter tracts between these regions and thalamus and pons. We then examined the task and resting state correlations between the BOLD signals from the cortical volumes and the white matter tracts and compared them to volumes in white matter elsewhere.
Methods

Data acquisition
Full brain MRI data were acquired from twelve healthy (six males and six females), and right-handed adult volunteers (mean age = 27.8 yrs, stdev=4.8 yrs). No subjects had a history of neurological, psychiatric or medical conditions as determined by interview. Prior to imaging, informed consent was obtained from each subject according to protocols approved by the Vanderbilt University Institutional Review Board. All imaging was performed on a 3T Philips Achieva scanner (Philips Healthcare, Inc., Best, Netherlands) using a 32-channel head coil.
Three sets of images sensitive to BOLD contrast were acquired using a T 2 *-weighted (T 2 * w) gradient echo (GE), echo planar imaging (EPI) sequence with TR=3 s, TE=45 ms, matrix size=80×80, FOV=240×240 mm 2 , 34 axial slices of 3 mm thick with zero gap, and 145 volumes. During the same imaging session, diffusion weighted images (DWI) were obtained using a single-shot, spin echo EPI sequence with b=1000 s/mm 2 , 32 diffusion-sensitizing directions, TR=8.5 s, TE=65 ms, SENSE factor=3, matrix size=128×128, FOV=256×256, 68 axial slices of 2 mm thick with zero gap. To provide anatomical references, 3D high resolution T 1 -weighted (T 1 w) images were also acquired using a multi-shot 3D GE sequence at voxel size of 1×1×1 mm 3 . The order of image acquisitions was T 1 w, resting state, tactile stimulations to the right palm, DWI and tactile stimulations to the left palm. The three functional runs had the same time duration of 435 seconds.
Sensory stimuli were prescribed in a block design format, which started with 30 seconds of palm stimulations by continuous brushing followed by 30 seconds of no stimulation, and so on. Prior to administration of the stimuli, five volumes were acquired in a resting state. During the image acquisitions, subjects lay in a supine position with eyes closed (in resting state), or fixed on a cross in the middle of the screen (no stimulus) or on an arrow sign (with stimulus).
Image preprocessing
Once acquired, all BOLD time series were corrected for slice timing and subject's head motion, and subsequently smoothed with a Gaussian kernel at FWHM=4 mm using SPM12. The smoothed BOLD signals were then linearly detrended and normalized into unit variance voxel-wise. Meanwhile, diffusion tensors were fit from the DWI data using a least squares approach (Jones and Cercignani, 2010) with in-house software. Finally, the T 1 w images were segmented into gray and white matter and cerebrospinal fluid images using SPM12, all of which, along with the original T 1 w images, were co-registered with the b=0 DWI data individually for each subject.
Characterization of BOLD signals in time and frequency domains
BOLD signals were characterized in both the time and frequency domains. In the time domain, temporal correlations between the resting state and stimulus evoked BOLD signals from identified white matter tracts and those from the primary somatosensory cortex (S1) were analyzed. In the frequency domain, power spectra of the BOLD signals were computed for each voxel, and the magnitude of the frequency corresponding to the fundamental frequency of the periodic stimuli was determined, yielding three magnitude maps of stimulus frequency respectively for the three sets of T 2 *w images acquired.
The S1 region was initially defined in MNI space as a combination of Brodman's areas (BA) 1, 2 and 3 in the postcentral gyrus of each hemisphere, using the PickAtlas tool (Maldjian et al., 2003) supplied with SPM12. The initial S1 was then transformed into the space of the BOLD data acquired with tactile stimulations to the contralateral palm. Finally, the transformed S1 region was multiplied by the magnitude map of the stimulus frequency and was thresholded at 80% maximum magnitude, to generate an activation adjusted S1 region. This process reduced false positives in the S1 region due to misregistration from the MNI space to the native space of individual subjects.
Within the S1 region defined above, the first principal component of all BOLD signal time courses was derived, with which three maps of Pearson linear correlations were computed:
M1: Correlations of BOLD data from left palm stimulations with S1 in right hemisphere.
M2: Correlations of BOLD data from right palm stimulations with S1 in left hemisphere.
M3: Correlations of BOLD data from resting state with S1in both hemispheres 2 . Prior to computations of the correlations, all the BOLD signals were band-pass filtered to retain frequencies only of 0.01-0.08 Hz. This frequency band contained the principal stimulation frequency of 0.016 Hz (and its low order harmonics). To suppress potential confounding signals from adjacent but functionally unrelated white matter 2 In this map, the principal component of S1 was computed with the two hemispheres pooled together, with the S1 in each hemisphere "copied" from its corresponding activation adjusted region in the stimulated images by image co-registration.
fibers, we computed for each voxel the first two principal components (with largest factor loadings) within a window of three voxels in each spatial dimension and reconstructed the time series back using these two components. The correlation coefficients were computed between the reconstructed BOLD signals of all brain voxels and the first principal component of the BOLD signals within the S1 region defined above.
These three correlation maps were converted to absolute values and subsequently co-registered with the b=0 DWI data for each subject, along with the three magnitude maps of stimulus frequency.
Reconstruction of somatosensory fiber pathways
BOLD signals were analyzed from identified somatosensory fiber pathways, which were reconstructed from diffusion tensor data using a probabilistic tracking approach that was modified from Friman et al. (2006) .
Definitions of regions of interest (ROI):
Our fiber tracking requires source and target ROIs to be specified. In this work, three ROIs in each hemisphere were defined, which included the S1, the thalamus and the base of the pons. The S1 volume was defined as in the preceding section; the thalamus and the base of the pons were defined similarly except that they were not multiplied by the magnitude map and the base of the pons was chosen to be its three most inferior slices.
To further improve the robustness of S1 and thalamus definitions, the S1 and thalamus regions transferred into the DWI space were multiplied by the gray matter image, and then eroded by one voxel using common morphological operations.
Fiber tracking
Probabilistic fiber tracking was implemented for each hemisphere separately, with the thalamus as the source ROI and the S1 or the base of the pons as the target ROI. To begin with, a voxel within the thalamus was randomly sampled, from which fiber tracking was launched. At each step of fiber tracking, the direction to proceed along was a randomly perturbed principal direction of the diffusion tensor. The tracking process was repeated 1000 times until it reached the target ROI or exceeded an allowable number of steps.
Two maps were computed from the fibers that successfully reached the target ROI: one was the map of probability density of fibers that traversed each voxel, i.e., the number of traversing fibers divided by the total number of successful fibers, and the other was the map of mean direction of all the fibers traversing each voxel. With these two maps, streamlines were backtracked from the target ROI by following the reverse direction in the direction map voxel-by-voxel with fiber probability density above a preset threshold of 0.1%.
Fiber bundle skeletonization
Streamlines generated by the backtracking process were first automatically clustered into fiber bundles using an algorithm we developed earlier (Ding et al., 2003) . Within the largest fiber bundle, the mean magnitude of the BOLD signal at the stimulus frequency was calculated for each streamline, and the one with the largest mean was chosen as the bundle skeleton. Fig. 1 below shows the flowchart of fiber tracking and skeletonization processes and some representative skeletons:
Time and frequency analyses of BOLD signals were performed along the bundle skeleton. The maximum Pearson correlation coefficient to the S1 signals and magnitude of stimulus frequency within a distance of one voxel along the perpendicular direction of the skeleton at each side were projected onto it.
Results
We measured the mean temporal correlation of BOLD signals between S1 and thalamus-S1 and ponto-thalamus (Pon-TH) bundles, and mean magnitude of BOLD signals at the stimulus frequency in these regions in both hemispheres for all the twelve subjects. The quantities were derived during resting state and during left palm and right palm stimulations respectively. The mean correlations were converted to Fisher's Z-scores for statistical testing, and two-tailed, paired students' t-tests were used to assess differences. To remove potential partial volume effects from gray matter, two voxels from each end of the bundle were excluded from statistical analysis.
Temporal correlations during tactile stimulations and in a resting state are compared in Fig. 2 , which shows the mean correlation between signals along the skeleton of the bundle connecting the thalamus to S1 and the S1 region for all the twelve subjects studied. In this figure, the left column compares the mean correlation along the skeleton connecting the thalamus to S1 in the right hemisphere (TH-S1-R) and in the left hemisphere (TH-S1-L) during left palm stimulations as well as mean correlation along the TH-S1-R skeleton at rest (TH-S1-R-RS); the right column compares the corresponding mean correlation for the TH-S1-L and TH-S1-R skeletons during right palm stimulations as well as mean correlation along the TH-S1-L skeleton at rest (TH-S1-L-RS). Mean correlations from background 3 (BG) white matter under tactile stimulations and resting conditions were also included for comparisons. It can be seen that, during palm stimulations, the BOLD signals from bundle skeleton in the contralateral hemisphere exhibited significantly higher correlation than that in the resting state condition for 20 comparisons, and higher correlation than that in BG white matter both during tactile stimulations and in resting state condition (BG-RS) for all the comparisons. Furthermore, the mean correlation from palm stimulations was shown to be sidedependent: right palm stimulations increased the correlation along the TH-S1-L skeleton more than along the TH-S1-R skeleton in ten subjects, whereas left palm stimulations increased the correlation along the TH-S1-R skeleton more than along the TH-S1-L skeleton only in five subjects. Similar observations can also be inferred from Fig. 3 , which shows the mean correlation between the S1 and the skeleton of the bundle connecting pons to thalamus (Pon-TH-R and Pon-TH-L) for all the twelve subjects studied. During palm stimulations, the bundle skeleton in the contralateral hemisphere exhibited significantly higher correlation with S1 than that in the resting state condition (Pon-TH-R-RS and Pon-TH-L-RS) for 20 comparisons, and higher correlation than that of BG white matter during tactile stimulations for 21 comparisons and in a resting state for 20 comparisons. However, in contrast to the thalamus-S1 skeletons, both left and right palm stimulations significantly increased the mean correlation along the contralateral pontothalamus skeleton in only five subjects studied.
Quantitative analysis of the twelve subjects is summarized in Tables  1 and 2 . As can be seen from Table 1 , the mean temporal correlations to S1 along the bundle skeletons during stimulations were generally greater than those in a resting state and from background regions. Consistent with the observations in Fig. 2 and Fig. 3 , during tactile stimulations, the thalamus-S1 bundle in the contralateral hemisphere had the highest temporal correlation. Close comparisons reveal that the magnitude of temporal correlation along the thalamus-S1 skeletons in the contralateral hemisphere was approximately twice that in a resting state, and more than three times that for background white matter in a resting state. Detailed statistical comparisons in Table 2 show that the correlation along the thalamus-S1 bundle contralateral to the stimuli 3 Background included 1000 random white matter voxels outside the fiber bundles connecting thalamus to S1 and to pons. We chose 1000 random voxels because they tended to produce convergent mean and standard deviation of correlation coefficients. Comparisons of mean correlations between signals along the bundle skeleton connecting the thalamus to S1 and S1 for tactile stimulation and resting state conditions. Background (BG) included 1000 random white matter voxels outside the fiber bundles connecting the thalamus and S1 (and pons). Left (a) and right (b) columns are for left and right palm stimulations respectively. *denotes p < 0.05. See text for explanations of the abbreviations.
was significantly higher those at rest and for background white matter both during stimulation and at rest (p < 0.05). The same difference can be also observed for the ponto-thalamus bundle. Of particular note, consistent with Fig. 2 , the mean correlation along the thalamus-S1 bundle in the left hemisphere was significantly greater than that in the right hemisphere during right palm stimulations (p < 0.05), but the difference was not significant during left palm stimulations.
Mean magnitudes of signals at the stimulus frequency along the skeleton connecting the thalamus to S1 and connecting the thalamus to pons are shown in Fig. 4 and Fig. 5 respectively. Similar to the findings from the correlation analysis above, the mean magnitude of stimulus frequency in BOLD signals along the contralateral thalamus-S1 skeleton during tactile stimulations was significantly greater than that in resting state for all the comparisons (Fig. 4) , and along the contralateral ponto-thalamus skeleton was significantly greater than Fig. 3 . Comparisons of mean correlations between signals along the bundle skeleton connecting the thalamus to the pons and the pons for stimulation and resting state conditions. BG area included 1000 random white matter voxels outside the fiber bundles connecting the thalamus and pons (and S1). Left (a) and right (b) columns are for left and right palm stimulations respectively. *denotes p < 0.05. See text for explanations of the abbreviations.
Table 1
Mean and standard deviation of temporal correlations between thalamus-S1 and pontothalamus skeletons with S1. Note that BOLD signals in the S1 of the right and left hemisphere and both hemispheres are used as the basis of correlation for the left and right palm stimulations and resting state condition respectively. 
Stimulations
that in a resting state for all the comparisons as well (Fig. 5) . Also along the contralateral thalamus-S1 skeleton, the magnitude was greater than the background white matter for all the comparisons both during stimulations and in resting state, and along the contralateral pontothalamus bundle, the magnitude was greater than the background white matter for 21 comparisons during stimulations and for all the comparisons in a resting state. There was also side-dependency in the mean magnitude along the thalamus-S1 skeletons (Fig. 4) : right palm stimulations increased the magnitude along the TH-S1-L skeleton more than along the TH-S1-R skeleton in nine subjects, whereas left palm stimulations increased the magnitude along the TH-S1-R skeleton more than along the TH-S1-L skeleton only in six subjects. Quantitative comparisons in the magnitude of signal at the stimulus frequency between the bundle skeletons and background white matter under both stimulation and resting state conditions are summarized in Table 3 and Table 4 . It can be seen from Table 3 that the mean magnitudes along the bundle skeletons during stimulations were generally greater than those in resting state and background regions. Consistent with the observations in Fig. 4 and Fig. 5 , during tactile stimulations, the thalamus-S1 bundle in the contralateral hemisphere had the greatest magnitude, which was more than twice that in a resting state and about three times that for background white matter in a resting state. Table 4 shows the results of statistical tests, which reveal that the magnitudes along both the thalamus-S1 and the pontothalamus bundles contralateral to the stimuli were significantly greater than those at rest or in background white matter both during stimulations and at rest (p < 0.05). The magnitude increases exhibited side-dependency statistically: the mean magnitude along the thalamus-S1 skeleton in the left hemisphere was significantly greater than that in the right hemisphere during right palm stimulations (p < 0.05), but the difference was not significant during left palm stimulations. It should be noted that, although the background white matter exhibited magnitude increases during tactile stimulations, the somatosensory bundles achieved larger increases under stimulations.
Temporal variations and power spectra of BOLD signals averaged across the twelve subjects studied are shown in Figs. 6 and 7 respectively. It can be seen that, under both left and right palm stimulations, the BOLD signals in S1 and along the thalamus-S1 skeleton varied similarly to the stimulus waveform. The BOLD signals along the ponto-thalamus skeleton also exhibited periodic variations but with some noticeable time delay, likely due to different hemodynamic response along this bundle. These periodic variations are reflected by their much greater magnitudes at the stimulus frequency in Fig. 7 . In contrast, the BOLD signals at rest did not show stimulusrelated periodicity nor magnitude peak at the stimulus frequency, and the background had a very small magnitude peak localized at the stimulus frequency.
Discussions
The existence of BOLD signals in brain white matter and their changes with stimulation has been controversial for some years. Logothetis et al. (2001) found that BOLD signals from cortex are primarily correlated with local field potentials instead of post-synaptic spiking outputs, which argues against the likely presence of BOLD signals in white matter. Conversely, Heeger and Ress (2002) later observed that BOLD signals are correlated mostly with spiking activity, which would allow a greater possibility that white matter may produce BOLD signals as well. A key question, though, is whether the power of BOLD signals in white matter, where vascular density is much smaller, can be detected by available fMRI technology. Recently there has been growing evidence that suggests the possibility of reliable detection of BOLD signals in white matter (e.g., Gawryluk et al., 2014) . For instance, Tettamanti et al. (2002) demonstrated that BOLD signals in the genu of the corpus callosum may be detected by using Poffenberger paradigm, which was further confirmed by other groups (Weber et al., 2005; Gawryluk et al., 2009 ). Meanwhile, Fabri et al. (2011) found from a series of fMRI-based studies of functional topology of the corpus callosum that functional mapping of the corpus callosum may be consistently achieved by evoking activation through a suite of sensorimotor stimulations. In addition to the corpus callosum, BOLD activations in the internal capsule have also been reported (Mosier et al., 1999; Gawryluk et al., 2011) . More recently, Astafiev et al. (2015) observed that the hemodynamic response in white matter possesses quite different profiles in patients with chronic mild traumatic brain injury from healthy controls. Furthermore, by using steady stimula- Table 4 Statistical comparisons of the magnitude of stimulus frequency during tactile stimulations. Boldfaced numbers denote p < 0.05.
tions with natural vision, Marussich et al. (2017) found that the optic radiations functionally reorganized and exhibited temporal correlations with the visual cortices during tasks. While all these studies tend to support the contention that BOLD signals may be detectable in white matter, the current study presents further and perhaps more direct evidence of this notion. Compared to most other studies, which used conventional region-based methods designed for gray matter, we analyzed BOLD signals along specific fiber pathways that are presumably related to evoked functions. This tractbased analysis shares a similar concept with the TBSS approach (Smith et al., 2006) and thus in principle enhances both the sensitivity and specificity of signal detection. Our experiments have shown that, Fig. 6 . Temporal variations of BOLD signals averaged across the twelve subjects studied. From top to bottom rows are mean BOLD signals in S1, along the bundle skeleton connecting thalamus and S1, along the bundle skeleton connecting thalamus and pons, and background respectively. From left to right columns are right palm stimulations (a), resting state condition (b) and left palm stimulations (c) respectively. The signal intensity is in arbitrary unit and red and blue curves represent stimulus and BOLD signal respectively. Note that, unlike stimulation conditions, BOLD signals in the resting state contain no stimulus-related periodicity. Fig. 7 . Power spectra of mean BOLD signals in Fig. 6 . X. Wu et al. NeuroImage 152 (2017) 371-380 compared to the white matter background voxels, the fiber bundles connecting thalamus and S1 and thalamus to pons exhibit greater temporal correlations in BOLD signals with S1 in the contralateral hemisphere. Furthermore, the correlation strength and signal power of these bundles are approximately twice those in a resting condition. The thalamus-S1 bundle directly connects sensory cortices in the gray matter so it is not unexpected that neural signals in this bundle exhibit significant correlations with the S1. It should be mentioned that white matter in this area contains functionally distinct fiber bundles with complicated spatial relations among each other, which may give rise to partial volume averaging effects in this bundle. Although this tended to reduce temporal correlations around the middle portion of the thalamus-S1 bundle, overall we found significantly increased temporal correlations along this bundle, which was consistent across the subjects studied.
The second bundle examined connected to the base of the pons. Unlike the thalamus-S1 bundle, this bundle starts from thalamus and stays farther away from gray matter as it goes inferiorly. Interestingly, BOLD signals along this distant white matter bundle also exhibit high correlations to the signals in the cortical gray matter. This phenomenon is probably made more obvious by the largely parallel nature of the neuronal fiber tracts in this bundle with much less interference from crossing bundles. Moreover, the signals in this white matter bundle are spared of influences from nearby gray matter, thus providing clearer evidence of the detectability of functional activities in white matter.
An interesting finding from this study was the lateralized responses in white matter. The observation that right palm stimulations evoked greater responses along the fiber bundle in the contralateral hemisphere while left palm stimulations evoked comparable responses in both hemispheres may be due to the fact that all the subjects in this study were right handed. In fact a similar phenomenon has been also observed in the cortex, which might be explained by differences in neural control or vascular distribution or both. Recently, Grabowska et al. (2012) found that, for both left-and right-handed subjects, activation was dominant in the contralateral hemisphere from movement of the preferred hand, whereas the activation was more balanced in both hemispheres from movements of the non-preferred hand. This study tends to suggest that the preferred hand is controlled primarily by the contralateral hemisphere, but the non-preferred hand is controlled by both hemispheres. Similar inferences can also be made for the lateralized sensory responses along the white matter bundle observed in our study, which discounts the alternative explanation by vascular differences between the hemispheres.
Despite that this work, as well as a plethora of other studies (see Gawryluk et al., 2014 for review), demonstrated detectability of functional activations in white matter, the precise biophysical mechanisms of the signal origin remain unclear. Our earlier multi-echo imaging experiment showed that optimal contrast to noise in white matter occurs around TE-T 2 *, indicating the signal has the nature of blood oxygenation level dependency . This was further supported by the cerebrovascular CO 2 reactivity study by Rostrup et al. (2000) , which revealed relative changes of BOLD signals in white matter from hypercapnia are similar to those in gray matter. In light of the close link between BOLD signals and neural spiking activities (Heeger and Ress, 2002; Nir et al., 2008) , it may be possible that the BOLD signals in white matter are from spiking modulated vascular or metabolic responses (Wehrl et al., 2013; Driesen et al., 2013; Thompson et al., 2016) , potentially via astrocyte signaling, just as in gray matter (Logothetis and Wandell, 2004) .
Limitations
This study possesses a few inherent limitations. Most notably, BOLD signals are widely recognized as being susceptible to imaging artifacts, which adds to the difficulties of detecting weak BOLD signals in white matter (Bodurka et al., 2007) . In this work, we employed a number of conventional procedures to ameliorate the effects of potential artifacts. First, we minimized subjects' head motion by carefully placing restricting pads within the head coil, and limited the displacement to be < 1 mm and rotation < 1°for all the twelve subjects studied. Second, the head motion was corrected using standard motion correction procedures in SPM. Third, we detrended BOLD signals to correct for potential signal drift due to instrumental imperfection. Another potential source of physiological noise arises from signal contamination from cardiac/respiratory rhythmic modulations. In our pilot work, we used RETROICOR (Glover et al., 2001) to correct the effect of cardiac/respiratory signals, but found that the changes in correlation measures were minimal. This agrees with an earlier report that contributions from cardiac signals are quite small (Cordes et al. 2001) .
Several other confounding factors may also lead to biased estimation of true connectivity profiles within white matter. As alluded to earlier, white matter contains functionally distinct fiber bundles that run in parallel or across each other, and thus the effect of partial volume averaging can be severe given the spatial resolution used in this study (Van der Heuvel and Hulshoff, 2010) . The partial volume effect was partly addressed in this work by extracting the largest principal components from each time series so that confounding signals from nearby bundles were reduced. Our assumption was that signals from relevant fibers are the principal contributor and that those from other fibers are orthogonal to them. While we have observed in our preliminary work that correlation with the largest principal components enhances connectivity metrics in white matter, it is not the ideal method for this purpose. There may be other methods, such as those based on independent component analysis (Beckmann et al., 2005) and wavelet analysis (Bullmore et al., 2004) , that may improve performance. In addition, variable sensitivity among the subjects, as well as between different palms, may have some impact on the maps of signal correlation and power. Also, imprecise processing procedures may bring in additional influences on measures of correlation and signal power. They may arise from errors in image registration, fiber tracking, bundle skeletonization, signal detrending, or spatial smoothing which tends to smear out BOLD signals. Another limitation comes from the relatively longer TR (=3 s) and smaller number of volumes (=145) used in this study. This was due to a compromise between the spatial resolution, scanning time and effectiveness of the stimulation. However, with the rapid availability of multiband imaging , these parameters can be readily improved in our future work.
Finally, the background control used in this study, which was based on random selections of white matter voxels outside the bundles of interest, may have brought in some biases. We emphasize, however, that there are no absolutely fair ways of choosing the background control for this purpose. Ideally, a bundle not involved in tactile sensation, preferably with the same homogeneity profile of the magnetic field, should be used as the control; but it is very difficult, if not impossible, to determine which one is truly uninvolved (even indirectly). Choosing a bundle with least correlation to S1 would be a bias too. The use of random white matter voxels in this work might indeed contain voxels that were involved in tactile sensation, which would reduce the magnitudes of the results we report. Furthermore, 1000 random samples translated to much higher SNR than the skeletons, which posed another disadvantage, though this could be offset somewhat by less coherent smoothing of the background. Notwithstanding the limitation on the background control, our hypothesis was substantiated primarily by increased correlation strength and signal power from resting state and lateralized responses to stimuli, and to a lesser extent by the difference from the background control.
Conclusion
To explore whether BOLD signals in brain white matter are related to neural activity, somatosensory stimulation of the palms of different hands was performed, and temporal correlations between the primary somatosensory cortex and white matter bundles in the sensory pathways were analyzed and signal power along these bundles were examined. Quantitative analyses demonstrated that, overall, these specific fiber bundles exhibited significantly greater temporal correlation with the primary sensory cortex and signal power during palm stimulations than in a resting state, and greater than background white matter both during tactile stimulations and in a resting state. The temporal correlation and signal power were found to be twice those observed from the same bundle in a resting state. Resting state correlations between the cortex and connecting fibers were greater than with background white matter, and the signal power in the connecting fibers was greater than the background as well. There was a clear palm side dependency in the temporal correlation and signal power under stimulations. These findings demonstrate that BOLD signals in white matter may be related to evoked neural activities and may be detectable using sensitive methods.
